We investigate the UV−optical (longward of Lyα 1216Å) spectral variability of nearly 9000 quasars (0 < z < 4) using multi-epoch photometric data within the SDSS Stripe 82 region. The regression slope in the flux−flux space of a quasar light curve directly measures the color of the flux difference spectrum, then the spectral shape of the flux difference spectra can be derived by taking a careful look at the redshift dependence of the regression slopes. First, we confirm that the observed quasar spectrum becomes bluer when the quasar becomes brighter. We infer the spectral index of the composite difference spectrum as α dif ν ∼ +1/3 (in the form of f ν ∝ ν αν ), which is significantly bluer than that of the composite spectrum α com ν ∼ −0.5. We also show that the continuum variability cannot be explained by the accretion disk models with varying mass accretion rate. Second, we examine the effects of broad emission line variability on the color-redshift space. The variability of the "Small Blue Bump" is extensively discussed. We show that the low-ionization lines of Mg II and Fe II are less variable compared to Balmer emission lines and high-ionization lines, and the Balmer continuum is the dominant variable source around ∼ 3000Å. These results are compared with previous studies, and the physical mechanisms of the variability of the continuum and emission lines are discussed.
INTRODUCTION
The flux variability of quasars, or active galactic nuclei (AGNs), have been observed on timescales ranging from hours to decades. UV−optical emissions are thought to arise from an accretion disk surrounding a central supermassive black hole. UV−optical variability has been considered a powerful tool for examining the nature of AGN central engine Kouzuma & Yamaoka 2012 , and references therein).
Spectral variability (i.e., wavelength dependence of the flux variation) provides important clues for underlying physics. One of the well-known features of AGN UV−optical variability is that the color tends to become bluer when it gets brighter (e.g., Maoz et al. 1993; Paltani & Courvoisier 1994; Giveon et al. 1999; Vanden Berk et al. 2004; Sakata et al. 2011; Schmidt et al. 2012; Zuo et al. 2012) , which is used to constrain the accretion disk models in several previous works (e.g., Schmidt et al. 2012, and references therein) . This bluer-when-brighter trend is also important for studies of the emission line formation, as a change of the spectral energy distribution of the ionizing continuum has significant effects on the physical state of the emission line region (e.g., Korista & Goad 2004) . However, as noted in Sakata et al. (2010) , the "observed" bluer-when-brighter trend admits a dual interpretation: (1) the variable component, which is probably the accretion disk emission itself, becomes brighter and gets bluer (e.g., Wamsteker et al. 1990; Giveon et al. 1999; Webb & Malkan 2000; Vanden Berk et al. 2004; Wilhite et al. 2005) , and (2) the variable component of constant color becomes brighter and increasingly dominant over the non-variable components of red color, which is mainly composed of host galaxy flux (e.g., Choloniewski 1981; Winkler et al. 1992; Winkler 1997; Paltani & Walter 1996; Suganuma et al. 2006) . That is, the "observed" bluerwhen-brighter trend does not directly imply AGN intrinsic spectral hardening. Moreover, we have to be careful of the effect of the broad emission lines (BELs) when analyzing the broad-band photometric variability, because they have large amount of flux and are variable themselves. Sakata et al. (2010) investigated the color variability of 11 nearby Seyfert galaxies, estimating the effect of non-variable components, and concluded that interpretation (2) is valid for the AGN intrinsic continuum emission in the optical region, which kept the constant spectral shape during the flux variation. The same result was obtained by Woo et al. (2007) and Walsh et al. (2009) . On the other hand, Sakata et al. (2011) did the same kind of analyses as Sakata et al. (2010) for 10 Sloan Digital Sky Survey (SDSS) high redshift quasars and concluded that AGN intrinsic spectra actually became steeper as it got brighter in the UV region, which indicates that interpretation (1) is valid in the UV region. Wilhite et al. (2005) used two-epoch spectral data for ∼ 300 SDSS quasars and concluded that the composite flux difference spectrum is steeper than the composite spectrum in the UV range but it has the same spectral index in the optical range. Note that the effects of the contamination from non-variable components, which are undoubtedly existing at least in part in the composite spectrum (e.g., Glikman et al. 2006; Vanden Berk et al. 2006) are not evaluated in Wilhite et al. (2005) . Thus, a consensus about the properties of the color variability of AGNs has not been obtained yet (see e.g., Bian et al. 2012; Zhang 2013) .
The difficulties of variability studies have led to the uncertainties of the AGN variability model. A number of models have been developed attempting to explain AGN variability such as X-ray reprocessing (Krolik et al. 1991) , instabilities in the accretion disk (Kawaguchi et al. 1998; Dexter & Agol 2011) , gravitational microlensing (Hawkins 1993), star collisions (Torricelli-Ciamponi et al. 2000) , and multiple supernovae or starbursts near the nucleus (Terlevich et al. 1992) . Recently, several authors have claimed that the AGN variability is due to the changes in accretion rate (Pereyra et al. 2006; Li & Cao 2008; Sakata et al. 2011; Zuo et al. 2012; Gu & Li 2013) , which seems to explain the larger variability in the shorter wavelengths quantitatively. Sakata et al. (2011) fitted the standard accretion disk model (Shakura & Sunyaev 1973) with a varying accretion rate for the light curves of 10 SDSS quasars and concluded that this model could correctly explain the color variability. Gu & Li (2013) also obtained the same conclusion for eighteen steep spectrum radio quasars. However, Schmidt et al. (2012) investigated the color variability of ∼ 9000 SDSS Stripe 82 quasars and concluded that the color variability of quasars cannot be described by the several accretion disk models (Davis et al. 2007 ) with varying accretion rate, as the color of quasars becomes bluer than the model predictions. Trèvese & Vagnetti (2002) also pointed out that the changes of accretion rate are insufficient to explain the amount of spectral variation.
In the present work, we focus on the model of Pereyra et al. (2006) , which assumes that the AGN variability is caused by small changes in the mass accretion rate in the standard thermal accretion disk (Shakura & Sunyaev 1973) and predict the flux difference spectrum between one epoch to another. We note that although we cannot directly observe the intrinsic AGN spectra or intrinsic color, we can directly observe the color of the variable portion in AGN spectra (i.e., the flux difference spectrum). This can be achieved by using the "flux−flux correlation method" described in Section 3, which relies on the fact that UV−optical, two-band flux to flux plots of AGN broad-band light curves show strong linear correlation (e.g., Choloniewski 1981; Sakata et al. 2011; Lira et al. 2011 , and references therein). As mentioned earlier, the flux variability occurs not only in the continuum emission, but also in the BELs. In general, the quasar variability (obtained by broad-band photometry) is dominated by continuum variability (intrinsic Baldwin effect, e.g., Wilhite et al. 2005; Shields 2007 ), but we are probably able to see some amount of variable emission line components in it. We can also examine the effects of the BEL variability on the broad band photometry by taking a careful look at our result, which has not been well studied in previous works.
In this paper, we investigate the years-time-scale UV−optical spectral variability of large quasar samples in SDSS Stripe 82 region, attempting to derive some insight to the physical mechanisms of AGN variability. Our standpoint is summarized as below:
• Using the flux−flux correlation method, we derive the color of the flux difference spectrum for each quasar and for each band pair model-independently. Then, we investigate the rest-frame wavelength dependence of the quasar spectral variability by taking a careful look at the redshift dependence of the color of the flux difference spectrum, with the assumption that there is no redshift-dependence in the rest-frame spectral variability (e.g., Schmidt et al. 2012; Zuo et al. 2012) . The derived flux difference spectrum can be directly compared with the AGN UV−optical variability model presented in Pereyra et al. (2006) .
• We do not assume any models or estimates of nonvariable components such as host galaxy flux or narrow line emissions in the present work. This means that the color variability trend (bluer-when-brighter or achromatic variation) referred to in this paper is actually the "observed" color variability trend, not the AGN intrinsic variation in spectral shape. However, as shown by Sakata et al. (2011) (see also Croom et al. 2009; Krawczyk et al. 2013) , host galaxy flux and narrow emission lines in SDSS bandpasses are probably negligible for intermediate and high redshift quasars. Thus the "observed" color variability trend, particularly in rest-frame UV wavelengths, can be considered as the intrinsic variation in AGN continuum spectral shape, although the effects of the variability of BELs should be taken into consideration.
In Section 2 we describe a database of SDSS Stripe 82 multi-epoch five-band light curves from the SDSS data, and we introduce the flux−flux correlation method (Choloniewski 1981) in Section 3. In Section 4, we show the linear regression slopes in flux−flux space for quasar light curves, which correspond to the color of the flux difference spectrum, as a function of redshift. Then, we compare our results with previous works and the standard thin-disk model. We discussed the emission line variability in Section 5. The variability of the Small Blue Bump (SBB) spectral region is discussed separately in Section 6. Finally, we summarize our conclusions in Section 7. The adopted models for emission lines and intergalactic medium (IGM) attenuation used in Section 5 are described in Appendix A, and the results of the regression intercept, which are not concerned with the main results in this paper, are interpreted and shown in Appendix B.
2. DATA We use a database of SDSS Stripe 82 multi-epoch fiveband light curves for spectroscopically confirmed quasars presented by MacLeod et al. (2012) . Their Southern sample catalog contains recalibrated ∼10 yr light curves for 9258 quasars in the SDSS Data Release 7 (DR7; Abazajian et al. 2009 ). SDSS magnitude is converted to flux unit. The SDSS system is nearly the AB system (zero-point flux density = 3631 Jy), but the photometric zero-points are slightly off the AB standard. We apply the correction for the zero-point offset between the SDSS system and the AB system following the recommendations in the SDSS instructions 1 : u AB = u SDSS − 0.04, g AB = g SDSS , r AB = r SDSS , i AB = i SDSS and z AB = z SDSS + 0.02 . In this paper, "Flux" means f ν unit (i.e., Jansky unit), but we also use f λ unit when we refer to the spectral shape. These two are related as f ν = λ 2 f λ /c, and power-law indices are related as α ν = −2 − α λ , where f ν ∝ ν αν and f λ ∝ λ α λ . We cross-match the Southern sample light curve catalog with a catalog of quasar properties from SDSS DR7 (Shen et al. 2011 )(the maximum search radius is 2 arcsec). We use the improved redshift from Hewett & Wild (2010) as the redshift of each quasar. In the present paper, we use a sample of quasars within the redshift range from 0 to 4, in which there are 9201 quasars. The redshift distribution of the sample (0 < z < 4) is shown in Figure 1 .
Galactic absorption is corrected using A u [mag] (Schlegel et al. 1998; MacLeod et al. 2012 ).
THE FLUX-FLUX CORRELATION METHOD
In this section, we introduce the flux−flux correlation method and discuss the advantages of the use of this method.
The Color of the Flux Difference Spectrum in Flux-Flux
Space We introduce flux−flux correlation method (Choloniewski 1981; Winkler et al. 1992; Lyutyi & Doroshenko 1993; Hagen-Thorn 1997) as an alternative to magnitude−magnitude or magnitude−color correlation analyses. Choloniewski (1981) first noticed that the quasars' UV−optical fluxes have a linear correlation in flux−flux space, and several authors have since confirmed it (e.g., Winkler 1997; Glass 2004; Sakata et al. 2011; Lira et al. 2011; Gu & Li 2013) . In Figure 2 , we show the Pearson 
28. The time-averaged color is b ratio (r, i) =fν (i)/fν (r) = 1.53, so the flux difference spectrum is bluer than the time-averaged spectrum in this object.
correlation coefficient of the f ν (r) − f ν (i) plot for our sample (0 < z < 4) observed more than 20 epochs (see Section 3.5 for more details of our sample). In terms of the Pearson correlation coefficient, almost all of the quasars have strong positive flux−flux correlation. The strong correlation for a quasar light curve means that the flux difference spectrum, which is defined as the flux difference of the quasar spectra of any of the two observational epochs, keeps nearly constant shape for at least several years.
We express a linear regression line (
(1) (s = u, g, r, i; l = g, r, i, z) where "s" ("short" wavelength, x-axis in flux−flux space), and "l" ("long" wavelength, y-axis in flux−flux space) indicate two of the five photometric bands, whose average wavelengths are λ(s) < λ(l) (where λ(u), λ(g), λ(r), λ(i), λ(z) = 3551, 4686, 6165, 7481, 8931Å) 2 . Figure 3 shows an illustration of our method. When we fit a regression line in flux−flux space, the regression slope b(s, l) and the intercept a(s, l) are expressed as
where ∆ f var ν is the varying broad-band flux range (flux difference) during the observations, andf ν is the baseline flux given as the mean flux of light curves for each bandpass. The effects of contaminations of baseline flux (=f ν , e.g., host galaxy flux and time-averaged fluxes of emission lines) do not affect to the regression slope (they only affect to the regression intercepts), so the regression slope in the flux−flux space directly measures the ratio of the two broad-band fluxes of the flux difference spectrum of each quasar.
Given the flux difference spectrum f dif ν for a quasar, the regression slope in flux−flux space is expressed as 
where S ν is the throughput of the SDSS photometric system in each bandpass (Doi et al. 2010) . From Equation (4), the color of the flux difference spectrum m s − m l | dif (e.g., r − i| dif ) in units of magnitude is expressed by
This means that the bluer color indicates a smaller value of Equation (5), and then a smaller value of b (s, l) . In this way, the color of the flux difference spectrum is related directly to the observable b (s, l) . In the present work, we refer b(s, l) simply as "the color of the flux difference spectrum" and this can be converted to the conventional definition of color through Equation (5).
If we assume a power-law difference spectrum (
where ν(s) and ν(l) indicate average frequencies for the SDSS photometric bands. Because we define
When the flux difference spectra of quasars have power-law shape, the color of the flux difference spectra has no dependence on the quasar redshift because the wavelength-shift by cosmic expansion is canceled out in Equation (6). That is, b(s, l) with a power-law difference spectrum is constant as a function of redshift if α dif ν is fixed. Although the color of the difference spectrum is actually contaminated by BEL variability, we can infer α dif ν by investigating the mean redshift dependence of b(s, l) for sample quasars.
The Color of Quasars in Flux-Flux Space
In flux−flux space, the "observed" color corresponds to the slope of a straight line that passes through the origin of the coordinates and an observed point at an epoch. The "observed" color is time-dependent if a(s, l) (the regression intercept in flux−flux space) is non-zero (Sakata et al. 2010 (Sakata et al. , 2011 , and see Appendix B).
We define the b ratio (s, l) by taking the time-average of light curves in any combination of five photometric bands ("baseline flux"f ν ( j), j = u, g, r, i, z) and taking the ratio as (see Figure 3 )
Equation (5), which is the (time-averaged) color m 1 − m 2 of the quasar spectrum (e.g., r − i) is expressed by b ratio (s, l) as
We refer to b ratio (s, l) simply as "the color of the quasar spectrum" in this paper, and you can always convert it to the conventional definition of color through Equation (9). ratio (s, l) is expressed for a quasar with a spectrum f ν as
If we assume a power-law spectrum ( f ν ∝ ν αν ), we obtain
Because we define
3.3. The Color-Redshift Relation Richards et al. (2001) investigated the causes of the observed features in the color as a function of redshift for 2625 SDSS quasars by comparing the color−redshift relation model including the effects of emission lines. They confirmed that the average of the observed color of quasars as a function of redshift is well represented by a power-law continuum using α ν ∼ −0.5 (similar to the result of Vanden , and identified the effects of emission lines for the broad-band colors as deviations from power-law colors.
Because we are able to obtain the color of the flux difference spectrum for quasars using the flux−flux correlation method, the same kind of analyses as Richards et al. (2001) for the flux difference spectrum can be applied. Currently, there are only a few studies related to the flux difference spectrum (Wilhite et al. 2005; Bian et al. 2012; Guo & Gu 2013) . Among these, we refer to that of Wilhite et al. (2005) for the quasar composite flux difference spectrum in this paper. They constructed the composite residual (composite flux differences spectrum) from 315 quasars observed twice by SDSS spectroscopy. Figure 4 shows the histogram of the rest-frame time-lag between the two spectroscopic observations in Wilhite's sample, with a histogram of the time span of the photometric observations in our sample. The median rest-frame time-lag of the Wilhite's sample is 123 days, which is about one-tenth of ours (median ∼ 1200 days). Aside from the difference in the rest-frame time-lag, we can compare our results with the (redshifted) composite flux difference spectrum by (s, l) in the same way, so here we show the case of b (s, l) . Curves are calculated by Equation (4) combined with Equation (13), for α dif λ = −5/3, −6/3, −7/3. The power-law spectrum with definite spectral index means constant color at all redshift (Equation (6)). At z ∼ 1.1, the emission line component of Equation (13) enters the r-band, and the color becomes bluer than the power-law color. At z ∼ 1.5, the emission line component leaves the r-band and enters the i-band, and the color becomes redder than the power-law color. Wilhite et al. (2005) using Equation (4) on the color−redshift space. Note that Wilhite et al. (2005) mainly focused on the ratio spectrum (the ratio of the composite difference spectrum to the composite spectrum), so they did not apply the correction of Galactic extinction to their composite difference spectrum. We discuss the effect introduced by this non-correction in Section 4.2.
Here, we show the illustration of the effect of an emission line contamination for b (s, l) and b ratio (s, l) on the redshift dependence (see also Richards et al. 2001) . We can treat b (s, l) and b ratio (s, l) in the same way, so here we show the case of b (s, l) . We consider the case of s = r and l = i (i.e., b(r, i)) for example. When an emission line is redshifted and enters r-band, the r-band flux becomes larger, and b(r, i) becomes smaller (bluer) than the case of a single power-law flux difference spectrum. At higher z, when the emission line enters the i-band, b(r, i) becomes larger (redder). This behavior is shown in Figure 5 , assuming the continuum and line variability as
where σ λ is the emission line width (here σ λ = 40Å), and λ rest is the central wavelength of the line (here λ rest = 3000Å). α dif λ is as shown in Figure 5 . The different power-law indices α dif λ lead to the different constant levels of b(s, l) following Equation (6). Schmidt et al. (2012) pointed out that previous analyses usually focused on the color variability of the quasar in color−magnitude space and suffered from covariance between the color and magnitude uncertainties. They avoided these error correlations by analyzing the color variability in magnitude−magnitude space, and concluded that the color variability has the bluer-when-brighter trend.
Advantages of the Flux-Flux Correlation Method
Although magnitude−magnitude correlation method can avoid error correlations, it still has another problem. Schmidt et al. (2012) fitted a straight line for each quasar's magnitude−magnitude plot, and used the best fit slope as the indicator of color variability. Note that regression slopes on magnitude−magnitude space highly depend on the contaminations of baseline flux (e.g., host galaxy flux and time-averaged fluxes of emission lines) (e.g., Woo et al. 2007; Hawkins 2003) . The regression slope in magnitude−magnitude space can be expressed as
where the notation is the same as Equation (2) and (3). Unlike in flux−flux space (Equation (2)), the regression slope in magnitude-magnitude space is dependent not only on the flux difference ∆ f var ν , but also on the time-averaged flux levelsf ν ("baseline flux", Equation (8)). Thus, b mag (s, l) only tells whether the "observed" color variability is bluer-whenbrighter (b mag < 1), redder-when-brighter (b mag > 1) or achromatic (b mag = 1). To derive the flux difference spectrum from b mag , one needs to employ some models or estimate the contaminationf ν . On the other hand, the flux−flux correlation method enables us not only to avoid error correlations, but also to derive the flux difference spectrum model independently (Equation (2)).
Another statistical method to derive the flux difference spectrum exists. Meusinger et al. (2011) investigated the restframe wavelength dependence of the quasar variability using the structure functions V mag of five SDSS photometric bands as a function of rest-frame wavelength. However, the structure function analyses, which are done in units of magnitude, are not appropriate to study the spectral variability or the flux difference spectrum because the structure function can be expressed as
Then again, this is dependent not only on the flux difference ∆ f var ν , but also on the time-averaged flux levelsf ν . In summary:
1. The flux−flux correlation method can avoid the error correlations that exist in magnitude−color or flux−color correlation method as was pointed out by Schmidt et al. 3. Regression slopes represent the color of the flux difference spectrum for each quasar, so we are able to infer the (mean) flux difference spectrum using redshift dependence of the derived regression slopes. MPFITEXY IDL routine (Williams et al. 2010 ) to fit a linear relation to the flux−flux correlation for each quasar. According to Park et al. (2012) , the FITEXY method generally provides the least-biased result compared to the other methods. The MPFITEXY routine depends on the MPFIT package (Markwardt 2009). This routine is able to cope with intrinsic scatter, which is automatically adjusted to ensure χ 2 /(degrees or freedom) ∼1 (see Tremaine et al. 2002; Novak et al. 2006; Park et al. 2012 , for more detail and justifications).
Linear Regression Method and Sample Selection
We fit a straight line in flux−flux space for each band pair light curve, excluding the data points with a "Bad observations" flag (MacLeod et al. 2012) or fainter than limiting magnitudes (22.0, 22.2, 22.2, 21.3, and 20.5mag for u, g, r, i, and z-band, respectively) . 3 We focused on the properties of long-term and multi-epoch-averaged variability, so we exclude quasars that have less than 20 photometric epochs. Linear relation y = b(x − x 0 ) + a ′ is assumed in the fitting procedure, where x 0 is taken to be the average of x values (i.e., f ν (s)). The reference value x 0 is necessary to minimize the uncertainty in the estimate of a ′ and the correlation between a ′ and b (Tremaine et al. 2002) . Regression intercept a is calculated as a = a ′ − bx 0 . Linear regression for several quasars did not converge because of the low signal-to-noise ratio (S/N). Thus, we eliminated them from our sample. Furthermore, we confirmed that all of the regression slopes with a negative value were the results of a bad fitting (because of the small variability or low S/N) and we also eliminated them from our sample. In this paper we examine the modal redshift trends, so these eliminations had little effect on our analyses.
As an example, we show the histogram of the number of observational epochs of the (r,i) band pair light curves without a "Bad observations" flag (MacLeod et al. 2012 ) for our quasar sample in Figure 6 . Resulting sample sizes for each band pair are shown in Table 1 . Redshift distribution is not significantly modified from Figure 1 by our sample selection.
CONTINUUM VARIABILITY
In this section, we show linear regression slopes b(s, l) derived in flux−flux space for quasar light curves, which correspond to the color of the flux difference spectrum as discussed in the previous section. The wide redshift range for our quasar samples and large separation of effective wavelengths of the SDSS filters enable us to investigate the continuum variability from 1216Å to about 6000Å in the rest-frame 3 http://www.sdss.org/dr7/ 
wavelength. We first check the consistency between our result and the previous spectroscopic result of the flux difference spectrum (Wilhite et al. 2005) . Then, we adopt a model for the continuum flux variation in which the variability is caused by changes in mass accretion rate in the standard accretion disk (Pereyra et al. 2006 ) as a working hypothesis, and compare it with observed continuum variability in b(s, l)−redshift space. Figure 7 shows the regression slopes b(s, l) as a function of redshift for each quasar (dots). The curves in Figure 7 are:
Redshift Dependence of the Color of the Flux Difference Spectrum
• Solid and dashed curves: The modal color (b(s, l)) of the flux difference spectrum (solid) with 1σ outer quartiles (dashed), derived by linear regression analyses in flux−flux space (i.e., mode and 1σ outer quartiles of the dots in the figure).
• Dash-dotted and double-dot-dashed curves: The modal color (b ratio (s, l)) of the time-averaged spectrum (dashdotted) with 1σ outer quartiles (double-dot-dashed), given by Equation (8).
Modal value is defined following Hopkins et al. (2004) , and the bin size is taken to be 0.2 in redshift.
At high redshift, u, g, and r-band fluxes are affected by Lyα forests or damped Lyα systems, which absorb UV flux and decrease u, g, and r-band variability (i.e., regression slopes become larger at higher redshifts). This makes it difficult to estimate intrinsic quasar spectrum and spectral variability. The shortest transmission wavelengths for u, g, and r-band are 3000Å, 3700Å, and 5400Å, respectively, so the Lyα emission line (1216Å) enters in these bands at z = 1.47, 2.04, 3.44. The arrows with the label "Lyα" in Figure 7 indicate the redshift ranges in which Lyα forests change the observed color. In the later sections, we focus on redshift range below z = 1.47, 2.04, and 3.44 for band pairs containing u, g, and r-band, respectively, for clarifying the discussion about intrinsic spectral variability.
The dash-dotted curves (b ratio (s, l)) in Figure 7 are generally larger than 1. This is consistent with the result of the geometric mean composite spectrum for SDSS quasars presented by Vanden ; the spectral index of the composite spectrum α (12)). The upper thin solid horizontal line in each panel of Figure 7 indicates the power-law spectrum model with α ν = −0.44 calculated by Equation (4). On the other hand, the solid curves (b(s, l)) in Figure 7 are generally less than 1 and it implies α dif ν > 0 (Equation (7)). The composite flux difference spectrum presented by Wilhite et al. (2005) was reported to have the spectral index α dif ν = 0, and it implies b(s, l) = 1 (Equation (6)). However, the solid curves in Figure 7 are less than 1 within the 1σ ranges (dashed curves). We attempt to employ the spectral index α dif ν = +1/3 that is suggested by Sakata et al. (2010) (the lower thin, solid horizontal line in each panel of Figure 7 ). This spectral index seems to reproduce the mean value of the b(s, l) for all the band pairs well. This inconsistency between the result of Wilhite et al. (2005) and ours is discussed in Sec- (14)) as a function of redshift. The dashed horizontal lines indicate ∆αν = α dif ν − αν = −α dif λ + α λ = +7/3 − 1.56 ∼ 0.77 (difference of the spectral indices shown in Figure 7) , and the solid lines (colored red in the electronic edition) indicate ∆αν = 0.0. c(s, l) > 1 implies α dif ν < αν (corresponds to redder-when-brighter trend in observed color), and c(s, l) < 1 implies α dif ν > αν (corresponds to bluer-when-brighter trend in observed color).
is the general trend for quasar variability as shown in Figure 7 (see also Appendix B). This indicates that the quasar composite flux difference spectrum is flatter (bluer) than the composite spectrum. In other words, quasar UV−optical spectra tend to become flatter (bluer) when in brighter phase. To clarify the "observed" bluer-when-brighter trend for individual quasars, we show the ratio of b(s, l) to
as a function of redshift in Figure 8 , where ∆α ν = α dif ν − α ν (approximate value is from Equation (6) and (11)). By defini-tion, as in Equation (7) and (12), Figure 8 shows that almost all of quasars have α dif ν > α ν . This means the "observed" bluer-whenbrighter spectral variability is a common trend in quasars.
Besides the continuum (power-law) variability, we are able to see several spectral features in Figure 7 and also in Figure 8 . These features are mainly made up of the emission line contributions (e.g., Wilhite et al. 2005) . It is known that the emission line variability is smaller compared with the continuum variability (intrinsic Baldwin effect, Wilhite et al. 2005) . As expected by the intrinsic Baldwin effect, the solid curves in Figure 7 show less features compared to the dash-dotted curves. Nonetheless, we are still able to identify the coincidence and the difference of features (the redshift dependence) between the solid and dash-dotted curves. The most apparent difference between them, which corresponds to the difference between the composite and composite difference spectrum, is the bump in intermediate redshifts (e.g., the redshift range z ∼ 1.0-1.5 of g − r band pair in Figure 7 ). This difference makes several sharp transitions on c(s, l) as a function of redshift shown in Figure 8 . The peaks of the bump of dash-dotted curves correspond to the spectral region of Mg II (2800Å) emission line and Fe II pseudo-continuum, and this peak is not seen in the solid curves. It implies that the variability of these emissions are weak. This point is discussed in Sections 5 and 6.
Comparison with the Composite and Composite
Difference Spectrum There have been several statistical studies about spectral shape and spectral variability for quasars selected and spectroscopically confirmed within SDSS. Here we show the consistency of these previous spectroscopic results with our photometric results. Figure 9 shows the comparison of our results (modal color as a function of redshift in Figure 7 ) with the composite and composite difference (Wilhite et al. 2005 ) spectrum using Equation (10) and (4). In Figure 9 we plot not only modal value, but also (weighted) mean value as a function of redshift to check the effects of the asymmetric color distribution, which has a red wing at a given redshift due to intrinsic dust reddening (Richards et al. 2003) . We are able to see in Figure 9 that the mean values are slightly larger (redder) than the modal value, but the difference is small. This indicates that our results are not affected heavily by this method of taking average.
The composite spectra composed by taking arithmetic or geometric means Wilhite et al. 2005 ) are compared with our result through Equation (4) and (10). The geometric mean preserves the average power-law slope, insofar as quasar spectra can be accurately described by a power-law. On the other hand, the arithmetic mean retains the relative strength of the non-power-law features, such as emission lines .
As shown in the top panel of Figure 9 , b ratio (r, i) of our result and of the composite spectrum , i) ) with the color of the redshifted geometric and arithmetic composite difference spectrum (Wilhite et al. 2005 ) calculated by Equation (4). The two horizontal lines are the color of power-law difference spectra with α dif ν = 0 and +1/3 (upper and lower, respectively). Bottom panel: the same plot as middle panel, but the modal and mean color of the difference spectrum (b(r, i)) is not corrected for Galactic extinction.
the geometric and arithmetic composite spectra, but their difference is very small (their spectral index is α ν = −0.44 and −0.46, respectively, with the uncertainty ∼ 0.1 due to the spectrophotometric calibration) and they have almost the same b ratio (r, i)−redshift relation. Power-law index α ν = −0.44 (shown as dotted line in upper panel of Figure 9 ) is consistent with b ratio (r, i), and as we have shown in Figure 7 , all b ratio (s, l) are also consistent with α ν = −0.44.
On the other hand, b(r, i) of the regression results and the geometric composite difference spectrum (Wilhite et al. 2005 ) (middle panel of Figure 9 ) seem to be inconsistent in that b(r, i) of the regression results are generally lower than that of the composite difference spectrum for any redshift. This indicates that their composite geometric difference spectrum is steeper than our sample mean color of the difference spectra. We note that their difference spectra composed by taking geometric mean and arithmetic mean are largely different. The authors did not specify the reasons for this large discrepancy. They rely on the geometric composite spectrum when inferring the continuum spectral index α dif ν = 0.0, and we should compare our result with the geometric one when inferring the continuum variability. Also, we note that their spectra are not corrected for Galactic extinction (see Abazajian et al. 2004; Wilhite et al. 2005) . The composite spectra with no correction for Galactic extinction obtained by Wilhite et al. (2005) has the spectral index α (Wilhite et al. 2005) means that the intrinsic composite flux difference spectrum should have flatter (bluer) spectral index (i.e., α dif λ < −2.0), which is consistent with our result α dif λ ∼ −7/3 or α dif ν ∼ +1/3. In the bottom panel of Figure 9 we show b(r, i) with no correction for Galactic extinction as a function of redshift. In this plot, although bumpy features in the b(r, i)−redshift relation (which correspond to the emission lines variability and are discussed in Sections 5 and 6) of the regression results are still not in good agreement with that of the geometric composite difference spectrum (Wilhite et al. 2005) , it is clear that our result and that of the geometric composite difference spectrum (Wilhite et al. 2005 ) are approximately consistent in that they have similar average power-law value. Thus, a large fraction of the discrepancy between our result and that of Wilhite et al. (2005) seen in the middle panel of Figure 9 can be attributed to a correction or no-correction for the Galactic extinction. It also indicates that the composite flux difference spectrum is not so different in spite of the large difference in time scale between ours and that of (Wilhite et al. 2005 , ; see Figure 4 ).
Hereafter, we refer the approximate form of power-law continuum flux difference spectrum as
This power-law index is well known as the standard disk model prediction (Lynden-Bell 1969; Shakura & Sunyaev 1973) . Tomita et al. (2006) and Lira et al. (2011) concluded that the flux difference spectra in near infrared (NIR) wavelengths for their AGN samples are well represented by a combination of the dusty torus component (Blackbody spectrum) and the accretion disk component (α dif ν ∼ +1/3) on the assumption that the flux difference spectrum conserves the spectral shape (spectral index) of the underlying accretion disk spectrum (see also Paltani & Walter 1996; Collier et al. 1999) . Note that the observations of the polarized flux spectra of AGNs − which is assumed to be produced by electron scattering interior to the dust sublimation radius and is regarded as a copy of the spectrum originating in the accretion disk − also revealed the underlying continuum spectral shape consistent with α ν = +1/3 (α ν = +0.44 ± 0.11, Kishimoto et al. 2008) . Our result can be considered to be the UV−optical extension of the previous results on the flux difference spectrum obtained in the optical−NIR wavelengths (Tomita et al. 2006; Lira et al. 2011) , because the dust in the nuclear region cannot become higher temperature than the dust sublimation temperature (T sub ∼ 1500K) and the accretion disk component dominate in UV−optical wavelengths.
In Section 4.3, we discuss the validity of the accretion disk model in UV−optical wavelengths. Pereyra et al. (2006) fitted the composite flux difference spectrum presented by Wilhite et al. (2005) with a standard thermal accretion disk model (Shakura & Sunyaev 1973) , in which the luminosity varies following the changes in accretion rate from one epoch to the next, and concluded that most of the UV−optical variability observed in quasars may be due to processes involving changes in mass accretion rates. Sakata et al. (2011) investigated this model for 10 SDSS quasars individually, and also concluded that the model can explain the UV-optical variability quantitatively. Definitions of the model adopted by Pereyra et al. (2006) and Sakata et al. (2011) are slightly different in that the former depends on the first order Taylor expansion about the average characteristic temperature T * (see Pereyra et al. 2006 ), but the predicted flux difference spectra are identical for the modest variation amplitude, which is valid for most of quasars.
Comparison with Standard Accretion Disk Model
In the formalization of Pereyra et al. (2006), the model flux difference spectrum has two free parameters: a normalization constant and the average characteristic temperature T * . One of the advantages of focusing on the color−redshift relation is that it does not depend on the inclination angle (including limb-darkening effect, e.g., Phillips & Meszaros 1986). When inferring the color of the flux difference spectrum (observable b(s, l) in the present work), this model requires only one parameter T * because the normalization constant does not affect the color of the difference spectrum. T * is defined as where M BH is the black hole mass,Ṁ is the mass accretion rate, σ S is the Stefan-Boltzmann constant, and K denotes the kelvin. The disk inner edge is assumed to be at the inner stable circular orbit (R in = 3R S , where R S is Schwarzschild radius). Eddington luminosity is defined as L Edd = 4πGM BH m p c/σ T (where m p is the proton mass and σ T is the Thomson cross section) and Eddington ratio, denoted "ER", is given as ER ≡ L bol /L Edd . Radiative efficiency ǫ, defined as L bol = ǫṀc 2 , is fixed 4 to ǫ = 1/12. Changes inṀ lead to the changes in T * as T * ∝Ṁ 1/4 and then to the changes in flux. Pereyra et al. (2006) fitted their continuum variability model to the geometric mean flux difference spectrum of Wilhite et al. (2005) , and obtained T * = 92, 700 K. The upper panel of Figure 10 shows the characteristic temperature of our quasar samples calculated by Equation (18) using the fiducial virial black hole mass and Eddington ratio listed in quasar property catalog (Shen et al. 2011) . T * = 92, 700 K, obtained by Pereyra et al. (2006), is very reasonable for SDSS quasars.
This model predicts α dif ν = 1/3 around optical to near infrared wavelengths (e.g., Sakata et al. 2010 ). This spectral in- dex is well known as the long wavelength limit for a standard thermal accretion disk model (Shakura & Sunyaev 1973) . At the long wavelength limit, the accretion disk model spectrum with varying accretion rate turns out to be simple scaling, thus the flux difference spectrum predicted in this model also has α dif ν ∼ +1/3. Because we obtained α dif ν ∼ +1/3 as shown in Figure 7 , this model is approximately valid. However, we should be careful because:
• The long wavelength limit approximation is not valid for the wavelength range of SDSS photometry for highredshift quasars. In UV wavelengths, f dif ν predicted by this model becomes gradually steeper (redder) because the UV spectral range corresponds to the turnover spectral region of the blackbody radiation from the accretion disk inner boundary at the inner stable circular orbit (i.e., the hottest part of the disk), as seen in the lower panel of Figure 10 .
• Pereyra et al. (2006) used the composite difference spectrum not corrected for Galactic extinc- . The filled region (colored light green in the electronic edition) corresponds to the disk temperature ranges from T * =50,000 K to 200,000 K (see Figure 10) . The solid curves with dashed outer quantile (colored red in the electronic edition) are the same as those in Figure 7 . The dash-dotted curves are calculated from the geometric composite flux difference spectrum (the same as those in Figure 9 ). Horizontal thin solid lines are the color of the power-law difference spectrum with α dif ν = +1/3.
tion (Wilhite et al. 2005) , and the effect of the noncorrection is not investigated in their paper. The same is true for Sakata et al. (2011) , in which the correction for the Galactic extinction was not properly applied. 5 It is possible that the non-correction for Galactic extinction leads to the wrong conclusion.
So, it is worth comparing our (Galactic-extinction corrected) result with the model prediction to clarify the validity of the standard disk model. We compare our results with the model proposed by Pereyra et al. (2006) in b(r, i) −redshift space as shown in Figure 11 . In Figure 11 , Pereyra's model (with their best-fit value of T * =92,700K) is actually in agreement with the Wilhite's composite flux difference spectrum. However, the model prediction is apparently steeper (b(r, i) is larger) than our result. This discrepancy is mainly due to whether or not Galactic extinction is corrected (see middle and bottom panel in Figure 9 ). In Figure 11 , we also plot the model prediction range in b(s, l)-redshift space, which is from T * = 50, 000 K (upper boundary) to 200, 000 K (lower boundary). The model prediction is apparently not consistent with the b(s, l)−redshift region obtained in our analyses, in that the model predicts larger b(s, l) values and larger spread in b(s, l)−redshift space than observed values particularly in the high redshift range.
These indicate that the intrinsic composite flux difference spectrum of quasars is actually flatter (bluer) than the prediction of the accretion disk model, particularly in the UV wavelength range. In other words, we cannot see the modelpredicted "UV turnover" feature (e.g., Shang et al. 2005 ) in the flux difference spectrum. This result is qualitatively consistent with Schmidt et al. (2012), but our method enables us to examine the difference between observed variability and the model prediction quantitatively.
We are able to make the model flux difference spectrum flatter (up to f dif ν ∝ ν 1/3 at all UV−optical wavelengths) if we assume the disk characteristic temperature to be , for example, T * > 200, 000 K, but this is not valid for most of our quasar samples as shown in the upper panel of Figure 10 . Beyond the standard accretion disk model (Shakura & Sunyaev 1973) , several more sophisticated accretion disk models are proposed (see, e.g., Hubeny et al. 2000; Davis et al. 2007 ). However, accretion disk model spectra based on non-LTE atmosphere calculations (Davis et al. 2007 ) usually have redder color than the standard thermal accretion disk model because of opacity effects (e.g., Hubeny et al. 2000) and this leads to the redder color of the flux difference spectrum as shown in Schmidt et al. (2012) . Although radiative transfer calculations for a disk+corona configuration (rather than those for a bare disk above) result in a weaker "UV turnover" (Kawaguchi et al. 2001) , the expected spectra are redder than the long wavelength limit of the standard disk as well. In addition, the accretion disk of quasars or luminous AGNs is thought to be seen almost face-on, so the relativistic effects for the color of the observed spectrum is probably negligible (Hubeny et al. 2000) . In short, it is difficult to explain the flux difference spectrum with α dif ν ∼ 1/3 by any of the existing accretion disk models.
However, it is true that the reasonable range of physical parameters related to the accretion disk model (M BH and Eddington ratio) can qualitatively explain the absolute continuum flux and flux variation amplitude as indicated in Sakata et al. (2011) and Gu & Li (2013) , and α dif ν obtained here can be naturally attributed to the well-known long wavelength limit value predicted in standard accretion disk models. Thus, we can only conclude that the continuum spectral variability in quasars cannot be explained by the accretion disk model with varying mass accretion rate, but it is probably related to thermal accretion disk itself. Finally, we note that it seems to be difficult to explain the large coherent flux variation within UV−optical wavelength range (e.g., a strong linear flux−flux correlation in each individual quasar) by the accretion disk local fluctuations or hot spot scenarios (e.g., Dexter & Agol 2011; Schmidt et al. 2012; Meusinger & Weiss 2013) .
Brief Summary of This Section
In summary, our conclusions in this section are:
1. We show that the continuum component of the flux difference spectra is (in average) well approximated by a power-law shape with α dif ν ∼ +1/3, and it is bluer than the spectroscopic composite flux difference spectrum (α dif ν = 0.0) obtained by Wilhite et al. (2005) . We conclude that the discrepancy is due to the Galactic extinction; the light curves used in our analyses are corrected for Galactic extinction but the spectra used in Wilhite et al. (2005) are not. If we derive the color of the flux difference spectrum without the correction, our result shows consistent color and rest-frame wavelength dependence of the flux difference spectrum with Wilhite et al. (2005) , in spite of the large difference in time scale (Figure 4 ).
We compare the b(s, l)−redshift relation with "the stan-
dard disk with varying mass accretion rate model" (Pereyra et al. 2006) . One of the advantages of our method is that it is based on the direct comparison of observable color of the difference spectrum (b(s, l)) with the model predicted difference spectrum, and does not require additional models or assumptions for nonvariable spectral components. We concluded that the flux difference spectrum is flatter (bluer) than the model prediction. In particular, we confirm that the modelpredicted "UV turnover" is not seen in the flux difference spectrum. This is surprising because not only the standard accretion disk model (Shakura & Sunyaev 1973) but also any accretion disk models cannot produce such a flat spectrum as α dif ν ∼ +1/3. This result is qualitatively consistent with Schmidt et al. (2012) , but our method enables us to examine the difference between observed variability and the model prediction quantitatively.
EMISSION LINE VARIABILITY: THE ORIGIN OF THE REDSHIFT DEPENDENCE OF THE COLOR OF THE FLUX DIFFERENCE SPECTRUM
The flux difference spectra are composed of the continuum component (accretion disk emission) and the BELs component. The regression slope b(s, l) can be related to the difference spectrum as in Equation (4), and as we have seen in Section 3.3 (Figure 5 ), emission line variability on the power-law continuum variability makes bumpy features in b(s, l)−redshift space. Many of the features in the colorredshift (i.e., b ratio (s, l)−redshift, or b(s, l)−redshift) relations are caused by more than one feature in the quasar spectrum . We are able to infer the contribution of each of the emission line variability to the flux difference spectrum by examining the b(s, l)−redshift relation.
We show the effects of the variability of each of the prominent BEL on b(r, i) and b (g, i) as a function of redshift in Figures 12 and 13, respectively. "Emission lines" contain BELs, Balmer and Paschen continuum emission (BaC and PaC), and Fe II pseudo-continuum emission. They are calculated assuming f , i) ) as a function of redshift. Curves (other than the "power-law" model) are shifted vertically, and the offset is taken to be 0.1 from adjacent curves.
where f dif λ (continuum) is the power-law continuum variable component (Equation (16)) normalized to 1 at 3000Å , and given as
and f dif λ (Fe II). The factor "0.05" in Equation (19) is an overall normalization constant for emission line components to a power-law continuum component and is determined to approximately reproduce the amplitude of bumpy features in the observed b(s, l)−redshift relation. The analytical expressions for calculating these components, and the IGM attenuation model (labeled "Lyα forest") are summarized in Appendix A. In Figures 12 and 13 , the relative strengths of these components are taken into consideration as described in Appendix A.
Here, we discuss several features of b ratio (r, i)−redshift relation and b(r, i)−redshift relation qualitatively. We focus on the case of (r, i) band pair, but the color−redshift relation of other band pairs can be interpreted in the same way. • z ∼ 0.1 to 0.2 -Hα is in i-band and makes b ratio (r, i) and b(r, i) redder than the average power-law value. Also, the Paschen continuum emission possibly makes the color slightly redder (e.g., Landt et al. 2011 ).
• z ∼ 0.3 -The presence of Hβ in r-band drives b ratio (r, i) and b(r, i) blueward.
• z ∼ 0.5 -b ratio (r, i) and b(r, i) moves back to red color while Hβ is in i-band.
• z ∼ 0.7 -Balmer continuum enters the r-band making b ratio (r, i) and b(r, i) bluer.
• z ∼ 0.9 -Fe II and Mg II fill the r-band making b ratio (r, i) bluer. However, these features seem to be absent in b(r, i).
• z ∼ 1.4 to 1.5 -b ratio (r, i) makes a sharp transition from blue to red as Mg II leaves r-band and enters i-band. This transition seems to be absent in b(r, i)
• z ∼ 1.8 -A small hump is caused as both Mg II and Fe II push b ratio (r, i) redward. Again, this feature is ab- sent in b(r, i) . r, i) , respectively) (scaled to 1 at 3000Å, as Equation (20)), and several additional components as below: In the model spectrum for b ratio (r, i) (upper dotted line, colored blue in the electronic edition), all the emission line components shown in Figure 12 , Balmer and Paschen continuum emission, and Fe II pseudo-continuum emission are included and the IGM attenuation is applied (the relative strengths of each of the components are the same as Appendix A). On the other hand, in the model spectrum for b(r, i) (lower dotted line, colored red in the electronic edition) we exclude Mg II emission line and Fe II pseudo-continuum emission. Note that there exist many kinds of weaker high-ionization lines between C III] and C IV that we do not show in Figure 12 /13 (e.g.,Fe III, Al III, N III], and N IV), so the model spectra have redder color than the observed color both in b ratio (r, i) and b(r, i).
• z ∼ 2.0 to 2.5 -b ratio (r, i) is driven back to the blue as Fe II leaves i-band. b(r, i) also becomes blue, probably because of the contribution from C III] in b (r, i) . Note that there exist many kinds of weaker high-ionization lines between C III] and C IV that we do not show (e.g.,Fe III, Al III, N III], and N IV), and they also make b ratio (r, i) and b(r, i) bluer.
• z ∼ 2.6 to 3.4 -C IV and C III] offset each other when the former is in r-band and the latter is in i-band, and keeps b ratio (r, i) and b(r, i) blue.
• z > 3.4 -Lyα and C IV offset each other during the period when the former is in r-band and the latter is in i-band. At higher redshift, b ratio (r, i) and b(r, i) rises rapidly as the Lyα forest or Lyman-limit systems absorb r-band flux (see Figure 16 ).
In Figure 14 , we show the comparison of the observed b ratio (r, i) (upper solid curve) and b(r, i) (lower solid curve) with those of model spectra(dotted curves) as a function of redshift. The model spectra are the sum of a power-law component (α ν = −1.56 and α dif ν = −7/3 for b ratio (r, i) and b(r, i), respectively (scaled to 1 at 3000Å, as Equation (20)), and several additional components as below: In the model spectrum for b ratio (r, i) (upper dotted curve), all the emission line components shown in Figure 12 , Balmer and Paschen continuum emission, and Fe II pseudo-continuum emission are included, and the IGM attenuation is applied (the relative strengths of each of the components are the same as Appendix A). On the other hand, in the model spectrum for b(r, i) (lower dotted curve) we exclude Mg II emission line and Fe II pseudo-continuum emission. Note that there exist many kinds of weaker high-ionization lines between C III] and C IV that we do not show in Figure 12 /13 (e.g.,Fe III, Al III, N III], and N IV), so the model spectra have redder color than the observed color both in b ratio (r, i) and b(r, i). Nevertheless, it is clear that the model spectra successfully reproduce the observed bumpy feature in b(s, l)−redshift and b ratio (s, l)−redshift relations. Moreover, it is also clearly shown that the differences between b ratio (s, l) and b(s, l) as a function of redshift exist not only in the continuum power-law spectral index, but also in the relative significance of the emission line components; Mg II and Fe II emission line components seem not to play an important role in the b(s, l)−redshift relation, although they have significant contribution in the b ratio (r, i)−redshift relation. In summary:
1. Utilizing the average b ratio (s, l)−redshift relation, we can identify the emission line contamination in the color of the quasars as bumpy features in b ratio (s, l)−redshift curves. Applying this method to the b(s, l)−redshift relation, we identify the features due to, for instance, Balmer emission lines and Balmer continuum variability in b(s, l)−redshift relation.
We show that several features seen in b
ratio (s, l)−redshift and b(s, l)−redshift relation are similar (e.g., the Balmer series emission), but they look significantly different around the features attributable to the broad Mg II emission line. This indicates that the variability of Mg II emission line and Fe II pseudo-continuum emission seem to be relatively weaker than other emission line components, such as Balmer series emission lines. This spectral region (referred to as "SBB") also contains the Balmer continuum, Fe II pseudo-continuum emission, and some other (relatively weak) high-ionization lines, so detailed spectral decomposition analysis is needed to infer the variability of each component, and this is attempted in the next section.
VARIABILITY OF THE SMALL BLUE BUMP
In this section, we focus on the variability of the SBB spectral components. First we decompose the high resolution composite spectrum of Vanden Berk et al. (2001) into spectral components, and compose several model spectra by combining some of the components. Then, we calculate the b(r, i)−redshift relation of each of the model spectrum and compare it with the observed b(r, i)−redshift relation. This procedure enables us to identify the (non-)variable spectral components in the SBB.
6.1. Spectral Decomposition As seen in Figure 7 and discussed in the previous section, the most apparent difference between b ratio (s, l) [color of the time-averaged spectrum] and b (s, l) [color of the flux difference spectrum] exists in features of the Fe II pseudocontinuum and the Mg II emission line. The spectral region containing Fe II pseudo-continuum, Balmer continuum emission, and Mg II emission line is called SBB (Wills et al. 1985) . Note that in the actual quasar spectra, higher order Balmer lines are merging to a pseudo-continuum and yielding a smooth rise to the Balmer edge (Dietrich et al. 2003) , which is also contained in SBB. Here we discuss the SBB variability.
To clarify the difference between b ratio (s, l) and b(s, l) (as a function of redshift) arising from the complex emission line Kurk et al. (2007) . "VdB" indicate the Vanden Berk's quasar composite spectrum. From top to bottom, solid curves indicate the raw composite spectrum (VdB), the Fe II-subtracted composite spectrum (VdB w/o Fe II), the Mg II-subtracted composite spectrum (VdB w/o Mg II), and the Fe II-Mg IIsubtracted composite spectrum (VdB w/o Fe II, Mg II), respectively (colored blue, green, magenta, and cyan in the electronic edition). These spectra are shifted by +3.0, 2.0, 1.0, and 0.0 in y-axis, respectively. The continuum power-law index is α λ = −1.54 and the power-law component is normalized to the flux values in the 4200-4230Å region (dashed lines). The Balmer continuum is created by Equation (A2) and normalized to the value at 3675Å. Mg II is decomposed by linearly interpolating the spectrum through 2700Å to 2900Å. Bottom panel: the color of the redshifted spectra in upper panel as a function of redshift (upper four curves), compared with the observed modal color of the difference spectrum (b(r, i)) as a function of redshift (bottom solid curve, the same as Figure 7) . From top to bottom, the upper four curves are shifted by +0.6, 0.4, 0.2 and 0.0 in the y-axis, respectively (colored blue, green, magenta, and cyan, respectively, in the electronic edition). The composite spectrum without Fe II pseudo-continuum and the Mg II emission line (VdB w/o Fe II,Mg II), which means this spectrum is composed of a power-law continuum and the Balmer continuum emission, has a similar color−redshift relation with the observed b(r, i)−redshift curve. Note that the host galaxy contamination in the VdB composite spectrum is not subtracted.
composition, we decompose the SBB in the composite spectrum into power-law continuum, Mg II emission line, Fe II pseudo-continuum, and Balmer continuum and investigate the color (corresponding to b ratio (s, l) and b (s, l) ) as a function of redshift for the composite spectra with and without some SBB components. Kurk et al. (2007) decomposed the Vanden Berk's composite spectrum into a power-law continuum, Balmer continuum, and residual. They confirmed that the residual was well described by the Fe II emission template (Vestergaard & Wilkes 2001 ) and a Mg II emission line. We follow their decomposition procedure, which is done in the 2200-3646Å region. First, the power-law continuum with α λ = −1.54 is normalized to the values in the 4200-4230Å region. Second, the Balmer continuum is created by Equation (A2) and normalized to the value at 3675Å . The residual spectrum (the composite spectrum minus a power-law minus Balmer continuum) is composed of Fe II pseudo-continuum and a Mg II emission line. The Mg II emission line is decomposed by simply assuming the Fe II pseudo-continuum in 2700Å to 2900Å region is described by linear interpolation of the residual spectrum from 2700Å to 2900Å.
Using the decomposed components, we define four spectra of the SBB region f λ (SBB) as below:
• VdB: the composite spectrum of Vanden . (21) where "PL" denotes a power-law component.
• VdB w/o Fe II: VdB minus Fe II pseudo-continuum.
• VdB w/o Mg II: VdB minus Mg II emission line
• VdB w/o Fe II , Mg II: VdB minus Fe II pseudocontinuum minus Mg II emission line
These spectra are shown in the upper panel of Figure 15 . Then, we calculate the color of these spectra by Equation (4) or (10) as a function of redshift. Results are shown in the bottom panel of Figure 15 . We can see that the Balmer continuum, Fe II pseudo-continuum, and the Mg II emission line make distinguishable bump features at different redshift ranges. The peak in b (r, i) [VdB] at z ∼ 1.5-1.8 are made of a Mg II emission line (z ∼ 1.5) and Fe II pseudo-continuum (z ∼ 1.8) (in agreement with Richards et al. 2001) , and this feature is not seen in the b(r, i) [mode] . The b(r, i) [mode] curve resembles the case of "VdB w/o Fe II, Mg II" (i.e., f λ (SBB) = f λ (PL) + f λ (BaC). This indicates that the variability of Mg II emission line and Fe II pseudo-continuum are relatively weaker compared to the Balmer continuum emission.
Mg II Emission Line Variability
Mg II line variability has been examined in several papers (see Woo 2008; Hryniewicz et al. 2013 , and references therein). Goad et al. (1999a,b) showed that continuum flux and the broad high-ionization emission lines of Lyα, C IV, N V(1240Å), He II(1640Å), and the semi-forbidden lines of the Si III]+C III] blend varied significantly (a factor of 5 at 1365Å and 3 at 2230Å for continuum, and a factor of 2 for Lyα and C IV), while the low-ionization lines of Mg II and Fe II do not vary significantly (less than 7%) during 11 months of observations for the Seyfert 1 galaxy NGC 3516. Goad et al. (1999a) listed three possible physical reasons explaining an absence of response in the Mg II emission line: (1) the continuum band responsible for the Mg II emission line (i.e., 600 to 800 eV, Krolik & Kallman 1988 ) is invariant; (2) the emission line is insensitive to continuum variations; and (3) the line-emitting region is physically extended and thus has yet to respond to the observed continuum variations. (1) was denied in Goad et al. (1999a) by observational evidence that showed that the amplitude of the continuum variations generally increase toward shorter wavelengths at least up to EUV wavelength range for several AGNs (e.g., Marshall et al. 1997; Cagnoni et al. 1999; Halpern et al. 2003) . Strong soft X-ray variability has been observed in many AGNs, so (1) is definitely not true. (3) is not true, especially in our sample, with three to four years (in quasar rest-frame) observational duration. Thus, we are able to expect situation (2) to be responsible for an absence of variability in the Mg II emission line. Goad et al. (1993) defined the line responsivity η as a linear coefficient relating line emissivity with ionization parameter, assuming that locally the emission-line gas responds linearly to continuum variations (Goad et al. 1999a; Korista & Goad 2004; Goad et al. 2012) . The larger η is, the more responsive the line is to continuum variations. Although η is model dependent, high-ionization emission lines generally have η ∼ 1; Balmer lines have η ∼ 0.6; and Mg II emission line has η ∼ 0.2 (Goad et al. 1999a; Korista & Goad 2004) . We are able to interpret our result with respect to the weak variability of Mg II as the consequence of the small responsivity η for the low-ionization lines.
Fe II Pseudo-continuum Variability
The Fe II emission line is also a member of the lowionization lines. In the same way as the Mg II emission line, the weak variability of Fe II can be the consequence of the small responsivity η. However, the situation may be more complicated in regards to the Fe II.
The origin of Fe II emissions is still controversial (e.g., Dong et al. 2011). Baldwin et al. (2004) showed that Fe II emissions from photoionized broad emission line region (BELR) cannot explain all the Fe II emission features, and suggested that a large amount of Fe II emission originates in either a separate collisionally ionized component or BELR with considerable velocity structure (microturbulence). The collisionally ionized component would not vary in response to continuum variations, thus Fe II pseudo-continuum variability would be weak as a whole. On the other hand, several authors suggest that Fe II is emitted in infalling photoionized gas (Hu et al. 2008; Ferland et al. 2009) , and several recent observational evidences support this picture (Barth et al. 2013 , and references therein). When this is the case, the small amplitude of Fe II variability can be explained as the consequence of the different origin of Fe II, (i.e., Fe II emission does not come from usual BELR, so it cannot vary in the same way as other BELs). However, more detailed investigation of the Fe II emission is beyond the scope of this paper. Figure 15 indicates that the Balmer continuum is a dominant variable component in SBB region. We can expect that the Balmer continuum and Balmer emission lines are formed coherently by some photoionization processes in the broad line region, as we can see in the fourth global eigenspectrum presented by Yip et al. (2004) . There is no wonder that the Balmer continuum is variable like the Balmer emission lines (e.g., Hα and Hβ). The variability of the Balmer continuum has been discussed observationally in Wamsteker et al. (1990) and Maoz et al. (1993) , and theoretically in Korista & Goad (2001) . Our result is the first study clearly showing the variability of the Balmer continuum emission in large quasar samples. Wilhite et al. (2005) showed that the ratio spectrum of the composite difference spectrum to the composite spectrum was depressed around 3000Å (see also Bian et al. 2012) . Photometric variability using structure function formalization MacLeod et al. 2012 ) also shows the depression around 3000Å. This behavior can be interpreted by our result about the variability and non-variability of SBB components. Because the Fe II pseudo-continuum (∼ 2200-3000Å) and Mg II emission line (∼ 2800Å) exist in the composite spectrum although not in the composite difference spectrum, the ratio is significantly depressed. Moreover, as discussed in Bian et al. (2012) , the Balmer continuum should obey the intrinsic Baldwin effect in the same way as Balmer emission lines, so the ratio spectrum around the Balmer continuum region should be slightly depressed.
Balmer Continuum Variability

Brief Summary of This Section
In summary, our conclusions in this section are: 2. Small variability of the Mg II emission line is naturally interpreted by the small responsivity η of the low-ionization line to the ionizing continuum variation (Goad et al. 1999a ).
3. Small variability of the Fe II emission line is also interpreted by the small responsivity η of the low-ionization line, but the origin of the Fe II emission is controversial, so it is possible that the small variability of Fe II is due to the different origin of Fe II from normal photoionization BELR.
4. It is no wonder that the Balmer continuum is variable like the other Balmer emission lines because we can expect that they are formed coherently by some photoionization processes in the broad line region.
CONCLUSIONS
We have explored the wavelength dependence of quasar long term variability. We have introduced the flux−flux correlation method, and applied it to a database of SDSS Stripe 82 multi-epoch five-band light curves for spectroscopically confirmed quasars. This method enables us to infer the spectral variability without suffering from time-averaged baseline flux, which includes time-constant quasar host galaxy flux contamination and time-averaged emission line flux contaminations.
In this paper, we focused on the statistical properties of the quasar UV−optical variability, and we conclude:
1. In Section 4, we show that the continuum component of the flux difference spectra is (on average) well approximated by a power-law shape with α dif ν ∼ +1/3. Then, we compare the b(s, l)−redshift relation with "the standard disk with varying mass accretion rate model" (Pereyra et al. 2006) . We concluded that the flux difference spectrum is flatter (bluer) than the model prediction. In particular, we confirm that the model-predicted "UV turnover" is not seen in the flux difference spectrum. This is surprising because not only the standard accretion disk model (Shakura & Sunyaev 1973) but also any accretion disk models cannot produce such a flat spectrum as α dif ν ∼ +1/3. We stress the importance of the correction for Galactic extinction, without which the flux difference spectrum happens to have similar spectral shape with the model spectrum.
2. In Section 5, we identify the features due to, for instance, Balmer emission lines and Balmer continuum variability in the b(s, l)−redshift relation. We show that some of the features seen in b ratio (s, l)−redshift and b(s, l)−redshift relation are similar (e.g., the Balmer series emission), but they look significantly different around the SBB spectral region. It indicates that the variability of Mg II emission lines and Fe II pseudocontinuum emission seem to be relatively weaker than other emission line components, such as the Balmer series emission lines.
3. In Section 6, we first decompose the SBB spectral region of the high resolution SDSS quasar composite spectrum ) into a power-law continuum, Balmer continuum, Fe II, and Mg II following Kurk et al. (2007) . Then, we investigate the color−redshift relation of the composite spectrum with and without each component. We confirm that the composite spectrum without Fe II and Mg II emission line components has similar color−redshift relations with the color of the flux difference spectrum. This indicates that Fe II and Mg II have (in average) small variability, and the Balmer continuum is variable in broad spectral region. This is the first time that the strong variability of the Balmer continuum and the small variability of Fe II and Mg II are confirmed as the statistical property of large quasar samples. The small variability of the Mg II emission lines and Fe II emission lines is naturally interpreted by the small responsivity η of the low-ionization line to the ionizing continuum variation (Goad et al. 1999a ). However, the origin of the Fe II emission is controversial, so it is possible that the small variability of Fe II is due to the different origin of Fe II from normal photoionization BELR. It is no wonder that the Balmer continuum is variable like the other Balmer emission lines, as we can expect that they are formed coherently by some photoionization processes in the broad line region.
In the present work, we have limited our discussion to the UV−optical variability and UV−optical data. However, it is clear that the AGN variability should be understood as multi-wavelength phenomena. The correlation between the X-ray and UV−optical variability is definitely important. The X-ray reprocessing model, which also predicts the bluer-when-brighter UV−optical color variability with α dif ν ∼ +1/3 if simple geometry for the X-ray emitting region and the accretion disk is assumed, may be the alternative model for AGN UV−optical variability ("the lamppost model"; e.g., Tomita et al. 2006; Cackett et al. 2007; Lira et al. 2011; Gil-Merino et al. 2012; Chelouche 2013) . This model also explains the variability time-scale (nearly simultaneous UV-to-optical variability) as the light-crossing time of the accretion disk. However, the geometry around the accretion disk and the X-ray emitting region is not well known, and definitive conclusions about the validity of the X-ray reprocessing model have not been obtained yet. The correlation between UV−optical and X-ray variability has been observed in several AGNs (e.g., Breedt et al. 2009; Cameron et al. 2012 ), but sometimes conflicting results with the X-ray reprocessing model have been obtained (e.g., Maoz et al. 2002; Shemmer et al. 2003; Marshall et al. 2008) . Future multi-wavelength intensive monitoring for more AGNs will be needed to clarify the origin of the X-ray−UV−optical correlation.
The present work deals with the properties of spectral variability only in the composite sense. In a second paper, we would discuss the dependence of the spectral variability on several physical parameters, and (in)validity of the physical models for continuum variability in more detail. Here we show how model spectra in Section 5 are calculated. 
Broad emission lines: f
where λ rest (rest-frame central wavelength for an emission line), R (relative strength for each BEL), and σ λ (line width) are given as Table 2 for each emission line ).
Balmer and Paschen continuum emission: For f dif λ (BaC) and f dif λ (PaC), we assume gas clouds of uniform temperature (T e =15000 K) that are partially optically thick (Dietrich et al. 2003; Kurk et al. 2007) . We assume that the Balmer continuum spectrum variability below the Balmer edge λ BE = 3646Å is described by
where B λ (T e ) is the Planck function at the electron temperature T e , τ BE is the optical depth at the Balmer edge λ BE = 3646Å , and R BaC is the normalized flux density at the Balmer edge (Grandi 1982) . The optical depth is fixed at τ BE = 1 (Kurk et al. 2007 ) and R BaC (with relative strength to other emission lines) is determined by the integrated flux ratio F BaC /F(Hα) = 1.80 (Grandi 1982) . Note that in the actual quasar spectra, higher order Balmer lines are merging to a pseudo-continuum, yielding a smooth rise to the Balmer edge (Wills et al. 1985; Dietrich et al. 2003) . In the same way as the Balmer continuum, the Paschen continuum variability is expressed by
where λ PE = 8208Å the optical depth is fixed at τ PE = 0.25, and R PaC is determined by the integrated flux ratio F PaC /F(Hα) = 1.17 (Grandi 1982) . 
where (redshift and wavelength dependent) τ eff (z, λ) is defined as the sum of the optical depth of resonant scattering by Lyman transitions and photoelectric absorption. The transmissivity function is shown in Figure 16 .
B: REGRESSION INTERCEPTS AS A FUNCTION OF REDSHIFT
We here consider a flux−flux plot for a quasar light curve in which the regression line has positive intercept (as the case of Figure 3 ). a(s, l) > 0 indicates the ratio of flux f ν (l)/ f ν (s), which is the slope of a straight line that passes through the origin and the observed data points at some epoch, becomes smaller when the quasar becomes brighter. In this case, the photometric color m s − m l , defined as +2.5 log( f ν (l)/ f ν (s)), becomes bluer-when-brighter. Similarly, if the regression intercept is negative, the color of the quasar becomes redder-when-brighter (Lyutyi & Doroshenko 1993; Hagen-Thorn 1997; Sakata et al. 2010 Sakata et al. , 2011 . Note that, as discussed in Section 1, the color variability trend referenced here is that of the "observed" photometric color, which does not directly mean the spectral hardening (softening) of the AGN intrinsic continuum emission. If a(s, l) > 0, the "observed" color tends to become bluer when the quasar becomes brighter(BWB obs in Equation (B1)). And if a(s, l) < 0, the quasar has RWB obs trend.
Thus, the sign of the regression intercept in flux−flux space can be interpreted as the indicator of the "observed" photometric color variability. We express this fact as BWB obs (if a(s, l) > 0) RWB obs (if a(s, l) 
where BWB obs and RWB obs indicates that the "observed" color becomes bluer when brighter and redder when brighter, respectively. Figure 17 shows the regression intercepts as a function of redshift for each quasar. Regression intercepts are generally positive, which indicates that the quasar color variability generally has BWB obs trend. Note that this result is merely another expression of the result shown in Figure 8 , as the relation of b ratio (s, l) and b(s, l) (Equation (14)) is actually determined by the sign of a (s, l) .
